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1.0 TEOCNICAL SUMMARY

1.1 ,Statement of Problem

Observations of the fluctuating characteristics, i.e. intensity,

,hase, or position, of an optical beam have been used to determine

"path averaped" turbulent intensity and the wind speed normal to the

optical rath(15,2,3). The measurement techniques developed were based

on the interaction of the optical beam with temperature induced random

refractive index fluctuations. The effects of water vapor, mists and

rain were neglected in calculating the interaction.

The major task of this study was to determine experimentally

the effects of water in liquid and vapor form on the remote sensing

of horizontal wind speeds and to test the effects of temporal filtering

as a means of extending the use of the instruments over a greater range

of weather conditions.

A secondary study was to determine the feasibility of using

optical beam techniques at millimeter wavelengths. That is, would the

signals obtained from millimeter wav- Fluctuations be suitable for the

same type of instrumentation and ptocessing as used by the optical

systems? Extension of the optical techniquet, to the lower frequencies

would allot examination of water vapor inhomoenities and motion of

these inhomogenities. Estimates are made of the intensity fluctuations

that might be expected due to syrall scale .ennerature and water vapor

variations.
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1.2 Field Tests Conducted

Two extensive field tests were conducted during the course of

this work to determine the effects of rain on the optical wind

measuring systems. Two different types of optical systems were tested.

One system used a HeNe laser to provide a beam with a coherent wave-

front. The second system employed a DC powered quartz-iodide lamp at

the focal point of a Fresnel lens to provide a noncoherent wave.

The approach used to evaluate optical system performance was

to make traditional in-situ measurements, anemometers, of the horizon-

tal wind speed, temperature structure parameter, etc., at points

along the path. Simultaneous analog recordinos were made of these

values along with the raw signals obtained from the optical detectors

of the remote sensing systems. This technique provided a permanent,

reusable data base.

Various data processing and filtering techniques were then

applied to the recorded optical signals. The results, the wind speeds

derived from the optical signals affected by various rain conditions,

were then compared with the wind obtained from in-situ measurements.

Obtaining wind speed from the optical signals required the

generation of an autocorrelation function, or the crosscorrelation

function of the signals from a photodiode "air, or by measuring the

freouencv of the signal fluctuations.

1.2.1 Holloman AFB Test

During September and October, 1979 tests were run at the

Rocket Sled Track at Iolloman Air Force Base In Alamoporlo, New Mexico.

6



The rocket track has a rain simulator field made up of separately

controlled 400 foot sections.

The optical paths, 1 km in length, were positioned in the

center of ',he track collinear with the line of sprinklers making up the

rain field. k minimum of 400 feet and a maximum of 3,200 feet of the

optical beam path could be subjected to "rain." The rain race of the

400 foot sections was determined by the sprinkler size and as a

consenuence there -Yas no control of rain rate Tithin a sector. Fig. 1

illustrates schematically the test configuration and indicates the

parameters recorded.

Several difficulties were encountered during the test including

some w7hich related to the use of test track rain field.

(a) The rain field is narrou and any cross wiinds tend to change

markedly the amount of rain interacting with the beam.

(b) The noncoherent signal detector failed to operate properly,

no data was obtained from this system.

(c) The rain field obtained its water from a storage tank.

The size did not permit operating the rain field lonper than about

20 minutes for the type of test run. After 20 minutes the test had

to be halted and the tank refilled. Thus exposure to any given rain

condition was shorter than desired.

(d) While the personnel at Holioran were verv cooperative and

nrovided all the aqsistnce that could he expected, the nature of

track qchedulinq '-as such that use of the track for periods longer

than 3 - 4 hnurs YnR5 a problem.

7
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1.2.2 Beaverton, Orepon Test

Buring late 7ehruary and early March, 1980 a similar test was

conducted near Reaverton, Oregon. The Path length was I km and the

hearn ath height ,4as about 2 meters ahove a plowed farm field. As in

the previous tests a nerr 'nent data record was obtained by simulta-

neously recording signals from five anemometers spaced along the path,

from detectors viewing a coherent light source, from detectors viewing

an incoherent light source, and from recording of temperature, temper-

ature differentials, relative humidity, and rain rate. "ig'ure 2

illustrates the field test configuration. The Oregon test site in

February-March ,Yas chosen as there was a higher probabilit, of rain

and cop than at most other suitable domestic locations. The Oregon

Graduate Center allowed use o5 their experimental site and some facilities.

The purpose of this exneriment was to evaluate performance of

optical wind sensors under natural rain conditions. Unfortunately the

time available for the field test Proved to be too short. The weather

'7a qenerallv overcast hut only a few light rain situations accompanied

by light winds yere encountered.

1.2.3 Short "ath-Test

A third simple test was conducted over a 40 meter path durine

a heavy rain in El. Paso, Texas in late January, 1980. Figure 3

illustrntes the Path eeometrv. En this exneriment no anemometer qeeds

were availphle for cormariso. with the speeds obtained opticallv. The

recorded sinals Twere Processed to test the effects of temporal filter-

inp on the shane of the wind Profile obtained from the fluctuatirg

bean characteristics when the beam interacted with rain.

9
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1.3 Test Results

1.3.1 Holloman AFB Results

Figure 4 was obtained from the results of the field test con-

ducted under the "artificial rain" conditions at Holloman Air rorce

Base on September 20, 1980. This represents a result typical of the

field test results obtained at Holloman. The sprinkler heads used

had a calculated rain rate of 2.5 in/hr.

The figure compares the shapes of the wind profiles obtained

from the optical signals with the wind speeds measured by an anemometer.

The optical signals were fed through low pass filters with preselected

upper cutoff frequencies, and then the wind speed fluctuations were

obtained by electronically measuring the changes in the zero crossing

frequencv or the chan?es in the value of a correlation function. The

length of the "rain path" and a qualitative description of the

beam intensitv is noted alonp the horizontal axis of the figure. The

data indicate:

(a) In the presence of rain, as determined by the weak signal

condition, the speeds obtained from the unfiltered optical signals

tend to peak markedly.

(b) Usinp a 150 Hz low pass filter, and using the zero crossing

frequency as a measure of speed, yielded results which most closely

resembled the anemometer speed fluctuations.

The optical signal data from September 20, were also analyzed

to determine the frequencv content. Samples of these spectra are

shown in rigs, 5 (a) through 5(i). As expected, the presence of rain

12
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added high frequency components to the lower frequency components

induced by the turbulence.

From the data it appears that as the beam interacts with more

water the detected signals develop flatter spectra, i.e.,comparatively

less than normal portion of energy at low frequencies relative to the

high frenuencies. The presence of the rain induced frequencies will

void the calibration of the remote wind sensing processor.

Figures 6(a) through 6(c) are photographs of optical signals

detected when the coherent signal beam interacts with increasing

amounts of rain. The dron size and velocity produced small amplitude

spikes about 4 m uide at the base.

There wYas a basic problem in the use of the narrw rain field

at the sled track. Anv crosswind velocitv tended to carry the rain

out of the optical beam. Therefore, only weak interaction was

obtained !when wind speeds were high. Significant raln-bearn interaction

occurred when the winds were calm. The effects of variable winds on

the position of the rain relative to the optical beam prevented any

detailed analysis of the signal spectra vs. the rain path length.

A second example oF results obtained from tests conducted at

Rolloman AFD is sho'm in Fig. 7. The data ,iere obtained on October 10.

The sj rinkler beadq were different from the Centemer 20 tests, and

t'ie heads had a calculated 2.2 fn/h rain rate. Addltfonallv the

maxi"im rain path was increased to 3200

The speed reults obtained from the opticil signals are ahut

the same as thne Illuttrited by result- nreviouqly discusged. The

zero croninq rretuencv measurorent of the "300 !lz" filtered optical

23
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signal yielded a speed curve most like the speed fluctuations of the

anemometer. Again, optical measurements under conditions of weak

sirnal (in this case there is strong interaction between the rain and

the beam) produced roor results in all processing and filtering schemes.

Unfortunately the exrerimental conditions did not allow obtainine

data which could be used to determine the minimum "sianal/noise" required

for satisfactory optical instrument operation.

1.3.2 Short pac'i Pesults

Pesults of the short path experiment in which the coherent

optical beam interacted with a relativelv heavy rain are shown in

Fig. 8. The effects of low pass filtering on the correlation measure-

ment to obtain wind speed are demonstrated. Figure 9 contains photo-

graphs showing the signal under rain, (a), and no rain, (b). condi-

tions. The spectra obtained from the signals detected during this

test exhibited about 10db stronfer components between 600 and 1200 Hz

when the beam vas affected by the rain.

1.3.3 Beaverton Oregon Results

The tests in late February and early March did not nrovide the

-arietv o4 weather conditions which were initially anticipated. Tn

general there vere periods of light rain, some mist, but no fog was

encountered durinp the experimental runs.

The results obtained on March 3 and 4, shown in Figs. 10 and

11, conpare the anemorwL,.-r measured wind speeds with those obtained

from beams generated by noncoherent and coherent optical sources.

Figure 10, shows the wind speed profile obtained by counting the

27



January 31, 1980
Short path "40" m - Coherent Beamn
Correlation Vraurmn of Speed

M~ V
0)0w

J%4 w

" Cr

00)P
o a

03O

C.,~

I.'

r-4 -- 4
0 15 30

Time (min.)

rig. 8.

Filtering Effect, - Heavy R~ain

28



for (a) and ()4

lorl ~ ~ F'; 9(, : C ,#,w t i



NOW

4,c 3-4, 198n

I.mecm ;I Co

4

N Ao

4- I

II r

N IIV

c-I 30



Narch 3"i 198d3

0vAV

U)

4

W

4'

10,

C C.

C. I'

-c 0

rU

V , 431



zero crossinpo of the noncoherent signal. During the 2nd quarter of

the run the electronics waf not operating properly. When the system

was operational there apnears to be little difference in the curve

shapes, but lm nass filtering of the optical signals to 300 Hz

produces a somewhat better speed profile, like that of the anemometer

sneeds, and is preferred over 150 Itz filterinp. This conclusion also

holds for the results obtained from the coherent optical signals,

Fig. 11.

During the above tests the rains were light, trace to about

.01 in/hr. The temperature was about 500 F. While there was fog in

the general area, none was observed at the test site. The rain was

too light to have much if any effect on the wind results from the

optical processors.

Figure 12 compares the wind profiles resultinp from a zero

crossin count of intensitv fluctuations obtained from the detector

viewing a noncoherent optical beam with the results obtained from a

midpath anemometer. While the light rain did not greatly affect the

optical system results, the filtering above 300 Hz produced the best

match to the anemometer result. The optical sipnal processing pro-

duces onl, the mapnitude of the speed, whereas the anemometer also

gave direction. Figure 13 continues the March 10th, data which later

in the day ekhibited light rain but higher winds than previouslv

recorded. Wind profiles were determined from a zero crossing count

and from a correlation measurement of the fluctuations of the coherent

optical signals. In this case the unfiltered signal and 300 11z

filtered version anplied to the correlation measurement gave the best
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results. The high freouencv details of the 300 Hz filtered, zero

crossing measurement were not well matched to the anemometer although

the low frequency content appeared to match.

Figures 14(a) throuah 14(c) show photoeraphs obtained from

oscilloscope displays illustratinq examples of signals obtained from

coherent beams, Fip. 14(a) is a "no rain" case taken at 20 m /cm

sweep time, and .02 v/cm sensitivity. Similarly, vig. 14(b) is a

"no rain" signal taken at 5 m /cm sweep and .02 v/cm and Fig. 14(c)

is a "rain" signal taken at 5 m /cm sweep, and .005 v/cm. The condi-

tion represented by the photos ,Tas light rain, about .01 in/h . The

rain induced qipnals have a fundamental frenuenc,, of above about

1000-1400 Hz.

The snectra obtained 4rom the detected coherent ontical si.nals

in the nressure of rain and under "no rain" condition- are shc'n in

Figs. 15(a) through 15(e). The "no rain" resultq were obtained w.hen

wind speeds were about I m/s and are shown in (a) throutgh (c). During

the rain intervals, Figs. 15(d) throu-h 15(!) the winds ,rere 2-3 rn/s.

!n general the high frequencv tail shows a slipht slone in the rain

caseg. This slope is not present in the "no rain" cases.
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1.4 Discussion of Results

The field test data vere limited in that only a few different

weather conditions were experienced during the tests. At Holloman ArB

only light winds were experienced all during the tests. At Beaverton

only light rains and generally low winds were obtained. No severe

conditions were encountered

Hoever, the data obtained do indicate that temporal low pass

filtering of the optical signals can improve the performance of the

optical anemometers. The lower limit on the filter cutoff freauency

is determined by the desired maximum speed measurement. The signal

frequency? components displavinq the maximum power are given by ( )

2u
r- 2r=

where ij is the crosswind sveed in m/s, X the wavelength, and L is the

optical path length. For a HeNe laser beam propagating over a I km

path this yields f-22U. "or a maximum desired speed measurement of

20 m/s the filter cutoff should be no lowner than 450 Hz. Thus at

hiph wind speeds temporal filtering could degrade the performance of

optical anemometers.

The optical signal processors are simple digital devices. As

a consequence the Icw amplitude rain signal will cause no problem

except when the signal is near its average value. At this point

rain sipnal can cause the processor to ;witch polarity. This will

cause an "error" in the correlation measuvement of speed or an "error"

in the zero crossing measurement. As a consequence a minimum sienal

46



level induced by the turbulence relative to the rain noise is required.

The data collected during these experiments do not allow determination

of this signal to noise ratio.

Optical processors generally obtain a speed estimate from a

measurement of a characteristic of the correlation function. Tt vjas

generally found that measurement of the zero crossinp frequency pave

a good estimate of the wind speed. The electronic hardware required

for the latt-2r processor is much simpler than the former.

The lower frequency limit on the filter may prove impractical

if high wind speed measurements are desired. It would also be

possible to overcome some of the rain effects by using spatial filters

composed of photodiodes arrays. N;hile the spatial filter would

alter the weighting of the wind speed along the nath in the resultant

measurement, it would help eliminate the effects of rain.
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1.5 Scintillations at M illimeter Wavelengths

Estimates of the intensity fluctuations due to temperature

inhomopenities only, at millimeter and submillimeter wavelengths are

compared with those expected at optical wavelengths. These estimates

were developed on the assumption that wavelength scalinp of optical

results would hold into the millimeter and shorter range. The calcu-

lations also as sumed a nath length of 30 km for the millimeter waves

and a 1 km path length for the optical beam. Figure 16 gives the

intensity fluctuntion estimate at the longer waveleneths for a

specifted log amplitude variance, Ct(O), of the optical sienal.

The exnected fluctuation for a 35 rHz wave propagatinp over a

30 km path would be about 1 db if an optical beam had a Ct(O) - .1

over a I km path. This compares to the intensity fluctuation,

typically I dh but at times as much as 10 dI, observed in 35 rlz

propapation over a 28 km path which was partially over water (S#6).

While a fairly large receiving antenna was used in the above observa-

tion, a linear dimension of about 40 wavelengths, little aperture

avera)-ine was predicted(7). However, it is expected that the humidity

variations would have dominated at 35 Clz and that the measured

fluctuations would he on the order of 10 db rather than I dh as

observed and as predicted for temperature effects alone.

Usinp a relationship given by Weslev ( 8) the refractive index

variations at microwave frequencies can he related to the humiditv

structure coefficient. Tf the structure coefficients for temperature

and humiditv i ere numericallv enual the huniditv structure parameter

would be a factor of 5 more effective than the temperature parameter
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PP"U,

in producinp refractive variations at microuave frequencies.

Calculations for a 94 GOz ,pave propagating over a 2 km path

subject to humiditv fluctuations yielded 2 dh intensity fluctuations.

Using thIs point as a reference the expected intensity fluctuations at

other ,,avelengths can he estimated. These values are shown in Fig. 17.

The above reference value if extended to the 35 (lHz wave

propagatinp over a 28 km path .ould produce fluctuations about 4 dh

greater than the highest observed fluctuation-s ) . While there is

some dfqcrepancy between these values, no information was renorted on

the value of the humiditv parameter durinR the 35 Glz propagation

exreriment. At the rath heights involved the humiditv structure

nar.meter may have been qomeThat smaller than the value used in the

Q4 Olz calculation.

While the above discussion indicates that the scintillation

effects in millImeter waves can he measured over path lengths on the

order of I km, it may be desirable to separate temperature and

humiditv effects by dual frequency propagation experiments.

Wavelength scaling of turbulence induced scintillation yielded

values for millimeter waves -ihtch are within a range observed and

within a ranoe expected from direct calculation. The calculations,

fig. 16 and 17, ,ould only apply to wave frequencies within the

propagation windows.
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2.0 IMPORTANT RESULTS

The following observations are considered significant:

Low pass filtering of turbulence induced signals to reduce the rain

signal can improve the performance of optical wind sensing systems under

light rain conditions.

A frequency measurement of the turbulence induced optical signal

yielded representations of the wind speed which matched the speeds

obtained from an anemometer. This type of processor yields a real time

measurement and the hardware requirements are simple and minimal.

Low pass filtering imposes an upper limit on the maximum wind speed

which can be measured with the optical systems. The use of spatial

filtering in the receiver could reduce the rain induced effect and not

be subject to the maximum speed limitation. This later technique was

not evaluated.

Estimates of intensity fluctuations for millimeter waves in the

propagation windows indicate that the techniques and processing used at

optical frequencies is applicable to the longer wavelengths.

Wavelengths scaling of temperature and water vapor induced signal

fluctuations at optical and millimeter wavelengths in the propagation

windows, yielded results comparable to those observed in a 35 GHz test.
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